Histone deacetylases (HDACs) regulate the acetylation of a variety of histone and nonhistone proteins, controlling the transcription and regulation of genes involved in cell cycle control, proliferation, survival, DNA repair and differentiation. Unsurprisingly, HDAC expression is frequently altered in hematologic and solid tumor malignancies. Two HDAC inhibitors (vorinostat and romidepsin) have been approved by the US FDA for the treatment of cutaneous T-cell lymphoma. As single agents, treatment with HDAC inhibitors has demonstrated limited clinical benefit for patients with solid tumors, prompting the investigation of novel treatment combinations with other cancer therapeutics. In this article, the rationales and clinical progress of several combinations with HDAC inhibitors are presented, including DNA-damaging chemotherapeutic agents, radiotherapy, hormonal therapies, DNA methyltransferase inhibitors and various smallmolecule inhibitors. The future application of HDAC inhibitors as a treatment for cancer is discussed, examining current hurdles to overcome before realizing the potential of this new approach.
HDACs
A total of 18 HDACs have been identified, which are divided into two families based on homology to yeast deacetylases and the catalytic requirement for specific cofactors ( Figure  1 ). One family contains HDAC1-11 and requires the cofactor Zn 2+ for deacetylase activity. Within this family, HDAC1, 2, 3 and 8 exhibit sequence homology with the yeast deacetylase RPD3, and HDAC4, 5, 6, 9 and 10 share homology with the yeast deacetylase HDA1. HDAC11 shares sequences with both RPD3 and HDA1. The other HDAC family consists of seven members, sirtuins 1-7, and is related to the yeast SIR2 deacetylase. The sirtuins require the co factor NAD + for their deacetylase activity [1] [2] [3] . At present, most HDAC inhibitors are active against HDACs1-11, including those discussed in this article. However, with the growing understanding of sirtuins and their role in various pathologies, an increasing number of sirtuin-specific inhibitors are being engineered and evaluated [4] .
Given their global effect on histone modulation, it is not surprising that the HDAC enzymes are involved in many biological functions including transcriptional control, chromatin plasticity, protein-DNA interaction, cellular differentiation, growth arrest and cell death. An extensive body of literature has proposed many relevant downstream effects of HDAC inhibition in several aspects of biology and particularly in the development and proliferation of tumors [5] [6] [7] [8] [9] [10] [11] . By contrast, little is known about the functions of specific HDACs, either as biological effector molecules or pharmacological targets. Extensive efforts have been centered on obtaining a greater understanding of individual HDAC functions and the clinical relevance of their select inhibition.
HDAC inhibitors
There are several HDAC inhibitors under clinical development, which are grouped into different structural classes ( Figure 1 ). These include the short-chain fatty acids (phenyl butyrate and valproic acid); the hydroxamic acids (trichostatin A . Valproic acid has been used as an anticonvulsant for three decades, and has only recently been recognized as an HDAC inhibitor. Other compounds, including TSA, are very active in preclinical models, but are not feasible for clinical use owing to unfavorable pharmacological behavior. Most of the currently available HDAC inhibitors exhibit varying activity against many nonsirtuin HDACs (HDAC1-11) In vitro analysis of their potency against specific HDACs has helped to parse the effects of inhibitors on specific HDACs [12] . However, target HDAC specificity in vivo remains unclear as the roles of specific HDACs is still not well understood.
Two HDAC inhibitors, vorinostat and romidespin, have been approved by the US FDA for treating patients with progressive, persistent or recurrent cutaneous T-cell lymphoma (CTCL) after one or more lines of chemotherapy. Vorinostat was approved in 2006 for CTCL, including mycosis fungoides and Sézary syndrome [13, 14] . A Phase II trial of daily oral administration of vorinostat 400 mg in 74 patients showed an objective response in nearly 30% and relief from debilitating pruritis in 32% of the patients [15] . Continuous daily administration was associated with improved pruritis relief (73 vs 18%), as well as greater response (31 vs 9%) compared with intermittent dosing [16] .
In addition to CTCL, HDAC inhibitors appear to be active in acute myeloid leukemia (AML), lymphomas and myelodysplastic syndromes (MDS). Emerging data suggest that inhibition of HDACs mediates the epigenetic gene silencing in common translocations associated with certain hematological malignancies (e.g., AML-ETO fusion protein) [17] . In a Phase I study of 41 patients with advanced leukemia and MDS treated with vorinostat, a clinical benefit was observed in 17% of patients [18] . These patients often have limited treatment options. Vorinostat is also being studied as a single agent in other lymphomas, multiple myeloma and solid tumor malignancies including: colon, non-small-cell lung, breast, mesothelioma, glioblastoma multiforme, prostate, head and neck, renal cell, neuroendocrine, ovarian and cervical [19] .
Romidepsin is a cyclic peptide that was approved in 2009 for CTCL based on two Phase II studies. Romidepsin is administered by intravenous infusion at a dose of 14 mg/m 2 over 4 h on days 1, 8 and 15 of a 28-day cycle. In both studies, activity was noted, with overall response rates of 34% in 71 patients (four complete responses [CRs] , 20 partial responses [PRs] and 26 stable diseases [SDs] ) and 34% in 96 patients (six CRs and 27 PRs), with the median duration being 13.7 and 15 months, respectively [20, 21] .
The most common adverse effects associated with HDAC inhibitors include thrombocytopenia, neutropenia, diarrhea, nausea, vomiting and fatigue. Extensive studies have been performed to determine whether HDAC inhibitors are associated with cardiac toxicities. To date, there is little conclusive evidence to determine whether some or all HDAC inhibitors cause electrocardiac changes, including QT-prolongation. Most toxicities are not class-specific and have been observed with all HDAC inhibitors, with the exception of valproic acid, where somnolence appears to be dose-limiting rather than fatigue [22] .
Many HDAC inhibitors have demonstrated preclinical efficacy as monotherapy or in combination with other anticancer drugs for both hematological and solid malignancies. In the clinic, however, HDAC inhibitors as single agents have proven less successful for the treatment of solid tumor malignancies. Thus, much effort has been spent evaluating rational combinations of HDAC inhibitors with other anticancer modalities in clinical trials.
Rational combination of HDAC inhibitors with current cancer therapy
Acetylation is emerging as a major form of post-translational regulation beyond histones and the maintenance of chromatin, and gene transcription. Acetylation has been found to play a role in many cellular functions including DNA repair, cell division, apoptosis, cell signaling, chaperone activity and the cytoskeleton [23] . As such, preclinical and clinical studies have examined rational combinations of HDAC inhibitors with many current therapies for the treatment of hematological and solid tumor malignancies. In this section, we focus on four clinically relevant combinations with HDAC inhibitors: DNA-damaging chemotherapy, DNA methyltransferase inhibitors, hormonal therapy, receptor tyrosine kinase pathway inhibitors (Table 1) .
Combination of HDAC inhibitors & DNA-damaging therapies
With an increased understanding of the function of HDACs, rational combinations of chemotherapies and HDAC inhibitors have been investigated. The acceptable toxicity profile associated with HDAC inhibitor treatment permits a broad integration into currently approved chemotherapy regimens [19, 24, 25] . One such combination is with DNA damageinducing therapies. A variety of HDAC inhibitors synergistically enhance the growth inhibition and apoptosis of DNA-damaging agents and irradiation. This occurs, in part, through a HDAC inhibitor-mediated increase in chromatin accessibility ( Figure 2 ) and downregulation of DNA repair ( Figure 3 ).
HDAC inhibitors & DNA repair-
The interplay between HDACs and HAT regulating the acetylation of histone tails results in a fluid change of DNA compaction and decondensation [11] . Pharmacological inhibition of HDACs results in increased histone acetylation and subsequent local relaxation of chromatin. Inhibition of HDACs also affects chromatin structure on a larger scale. In breast cancer cells, HDAC inhibitors downregulate the expression of heterochromatin maintenance genes including SMC1-5, DNMT1 and HP-1. This causes a significant decrease in condensed heterochromatin regions within the nucleus [26] [27] [28] [29] [30] . The decondensed chromatin permits greater access of intercalating agents into dsDNA [26] . Therefore, HDAC inhibitors affect DNA dynamics directly through regulating the status of histone acetylation, and also by regulating the expression of genes that have global impact on the accessibility of DNA-damaging agents to their targets. DNA decondensation facilitates the access of DNA-damaging agents to their DNA substrate, which may contribute to the synergistic interaction between HDAC inhibitors and DNAdamaging agents [22, 26, 27] .
Inhibition of class I/II HDACs may also potentiate the effect of DNA damaging agents and irradiation by reducing DNA repair [31] [32] [33] . HDACs appear to affect the expression, regulation and activation of a variety of DNA repair and DNA damage response genes. Ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) proteins are key serine/threonine kinases that phosphorylate various downstream factors in the presence of DNA damage. This can initiate cell cycle arrest, DNA damage repair or cell death. dsDNA breaks are repaired primarily by homologous recombination (HR) and nonhomologous end joining (NHEJ). HR involves the activation and recruitment of ATM to sites of damage, which then activates various proteins including BRCA1 and CHK2 [34] . NHEJ requires Ku70-Ku80 heterodimer recruitment of the DNA-PK catalytic subunit to the site of damage, in order to initiate DNA damage response. DNA damage response protein p53 is phosphorylated downstream of both HR and NHEJ.
Histone deacetylase inhibitors cause the downregulation of dsDNA-break repair by affecting components of both NHEJ and HR repair pathways. In melanoma cell lines, HDAC inhibitor sodium butyrate reduced the expression of NHEJ components Ku70 and the DNA-PK catalytic subunit protein [33] . In prostate cancer cells, on the other hand, vorinostat, entinostat and TSA caused a significant increase in the acetylation of Ku70, without affecting Ku70 expression levels. The increased acetylation of Ku70 hindered its DNAbinding capability and reduced the kinetics of dsDNA repair [35] .
Homologous recombination is downregulated in prostate cancer cells by HDAC inhibition owing to a decrease in E2F1-mediated expression of DNA damage repair genes Rad51, CHK1 and BRCA1 [36] . BRCA1 is also downregulated in squamous carcinoma cells by TSA, and in head and neck cancer cell lines by phenyl butyrate [37, 38] . HDAC1 and HDAC2 directly interact with the carboxyl-terminal domain (BRCT) of BRCA1 [39] . With DNA damage, BRCA1 is phosphorylated by ATM and ATR [40, 41] . ATM interacts with HDAC1 through its LXCXE domain [42] , and ATR is found in a complex with HDAC2 [43] . In ataxia telangiectasia cells lacking functional ATM, HDAC inhibitors failed to induce the expression of cell cycle checkpoint protein p21. The introduction of ATM into these cells, however, restored the HDAC inhibitor-induced expression of p21, suggesting a role for ATM in HDAC inhibitor-mediated cell cycle regulation [44] .
DNA damage-response protein p53 is also dysregulated in the presence of HDAC inhibitors. After the induction of DNA damage, p53 protein is modified at different residues depending on the type and extent of damage. These modifications affect p53's stability, function and localization [45] . ATM, ATR and DNA-PK proteins all phosphorylate p53 during stressful conditions. The acetylation status of p53, however, is regulated, in part, by HDAC1 and is increased in the presence of HDAC inhibitors [46] [47] [48] . HDAC1-3 directly interact with p53 protein and reduce its activity [49] . In breast cancer cells, HDAC2 decreases the presence of p53 at the promoter of its target, c-Myc [50] .
Histone deacetylase inhibitors alone can also induce DNA damage. Vorinostat induced the expression of dsDNA break marker γ-H2AX in breast, prostate and lung cancer cells [51, 52] , while valproic acid did in CHO 33 cells [53] . Vorinostat induces dsDNA breaks in a transcription-and replication-dependent manner, mediated in part by inhibition of HDAC3 [52] . Although HDAC inhibitor-induced DNA damage occurs in both normal and transformed cells, it appears that HDAC inhibitors affect DNA repair only in transformed cells [33, 51] . This may be due to reductions in expression of DNA repair proteins Rad50 and MRE11 by vorinostat in prostate and lung cancer cells, but not in normal human foreskin fibroblasts [51] .
Combining HDAC inhibitors & topoisomerase inhibitors-Topoisomerases regulate the cleavage of the DNA backbone in order to facilitate DNA unwinding during replication. Topoisomerase I enzymes catalyze the scission of single-strand breaks, while topoisomerase II enzymes induce double-strand breaks. Targeting of topoisomerases prevents the re-ligation of topoisomerase-mediated DNA scission, resulting in DNA strand breaks [54] . Topoisomerase inhibitors cause an increase in topoisomerase/DNA complexes [54] . Inhibitors of topoisomerase I, which include irinotecan, topotecan, karenitecin and camptothecin, are used as clinical therapies against colorectal, gastric, lung and cervical cancers [201] . Topoisomerase II poisons include doxorubicin, epirubicin and etoposide, and are used in the treatment against lymphomas, leukemias and breast, lung, gastric and ovarian cancers [201] .
Histone deacetylase inhibitors potentiate topoisomerase I-mediated DNA damage, growth inhibition and cell death. Vorinostat enhances the effect of topetecan and SN-38 (the metabolite of ironotecan) in small-cell lung cancer and glioblastoma cells in vitro, respectively [55, 56] . TSA increased irinotecan-mediated growth inhibition in pancreatic cancer cell lines, and panobinostat synergizes with topetecan to increase growth inhibition and apoptosis [57, 58] . In melanoma cell lines and a tumor xenograft model, the cytotoxic effects of the topoisomerase I inhibitor karenitecin were enhanced by the coadministration with valproic acid [59] . When a valproic acid-karenitecin combination was evaluated clinically, some patients with stage IV melanoma exhibited clinical benefit, where effective therapies are often limited. Although the median time-to-progression was only 10.2 weeks, and no objective responses were reported, 13 of 33 (39%) evaluable patients receiving escalating doses of valproic acid in conjunction with karenitecin had a stable disease. In the dose-expansion cohort (184 μg/ml; 1.27 mM valproic acid), stable disease was observed in nearly half of the evaluable patient (seven out of 15) [59] . As this was not a placebocontrolled study, it is not possible to ascertain the contribution of valproic acid to additional clinical benefit compared with karenitecin alone, but the results do warrant further clinical evaluation.
Combined treatment of cancer cells with HDAC inhibitors and topoisomerase II inhibitors results in greater nuclear topoisomerase II inhibitor accumulation, DNA damage, growth inhibition and cell death compared with single-agent treatment [60] [61] [62] . Topoisomerases IIα and IIβ interact directly with HDAC1 and HDAC2 [63, 64] . Treatment of cells with HDAC inhibitors also affects the expression levels of topoisomerase II in glioblastoma and breast cancer cells [61, 62] . Pretreatment of cells with HDAC inhibitors significantly decreases the IC 50 concentration of topoisomerase II inhibitors [62] . The sequence of therapy administration significantly affects the synergy between HDAC inhibitors and topoisomerase II inhibitors. Preclinical models point towards greater efficacy when cells are exposed to HDAC inhibitors prior to the exposure to DNA damage-inducing agents [29, 62] . This pretreatment correlates with the decondensation of chromatin observed in breast cancer and other tumor cells [26, 27] .
The sequence-specific administration of HDAC inhibitors prior to topoisomerase II-inhibitor administration was utilized in several Phase I/II clinical trials determining the maximum tolerated dose, pharmacokinetics and preliminary efficacy of the combined treatment. The clinical trials revealed that valproic acid and vorinostat serum level concentrations achieved those necessary for in vitro synergy with topoisomerase II poisons [22, 25] . When pretreated with valproic acid for 48 h prior to administration of the topoisomerase II inhibitor epirubicin, nine out of 41 (22%) patients with solid tumors responded and 16 of 41 (39%) had stable disease [22] . A dose-expansion study of 15 patients with breast cancer demonstrated a response rate in nine out of 15 patients (64%) [65] . A subsequent Phase I trial where patients with advanced solid tumors were treated with vorinostat and doxorubicin resulted in more modest clinical benefit [25] . However, vorinostat did affect the expression of HP-1 (eight out of 12) and topoisomerase IIα (ten out of 12) in the majority of the samples from treated patients [25] . Histone acetylation correlated with valproic acid plasma levels and with baseline expression of HDAC2 [65] . This correlation was also noted in clinical trials with vorinostat [25] , suggesting a need for a greater understanding of the role of individual HDACs and the clinical consequences of their selective inhibition [25, 65] . As predicted from preclinical models, the synergistic interaction appears to be constrained to tumor cells, as the addition of HDAC inhibitors to topoisomerase II poison treatment does not exacerbate topoisomerase II poison-associated toxicities [22, 25, 65] .
Combining HDAC inhibitors with radiotherapy-Radiotherapy remains a vital tool for the treatment of a variety of cancer types as an adjuvant, neoadjuvant and palliative modality. Several HDAC inhibitors enhance the radiosensitivity of cancer cells, including vorinostat, TSA, valproic acid and PCI-24781 [33, 36, 66, 67] . HDAC inhibitor-mediated radiosensitization has been shown in various cancer cell lines including breast, prostate, lung, colon, cervical and head and neck. Preclinical studies suggest that the most effective treatment schedule requires pretreatment of cells with the HDAC inhibitor followed by ionizing radiation [68] . When administered prior to radiotherapy, treatment of colorectal xenograft models (e.g., HCT116 and SW620 cells) with vorinostat resulted in significantly reduced tumor volume compared with treatment with either therapy alone [69] . Similar results have been reported for prostate and glioma tumor xenograft models using other HDAC inhibitors [70, 71] .
The expression of ATM, p53 and BRCA1 may enhance the synergistic antitumor effects of HDAC inhibitors combined with radiotherapy [37, 67, 72] . In A549 lung cancer cells, for example, TSA-mediated synergy with radiotherapy was decreased after treatment with the p53 inhibitor pifithrin-α. On the other hand, in HeLa cells that express low basal levels of p53, radiosensitization by TSA was increased after treatment with leptomycin B, which increases p53 protein levels [72] .
A Phase I trial evaluating the combined treatment of escalating doses of vorinostat with short-term palliative pelvic radiotherapy demonstrated that administration of both treatments is possible in patients with gastrointestinal carcinoma. The maximum tolerated dose of vorinostat was determined to be 300 mg once daily in conjunction with 30 Gy of radiation over 2 weeks [73] . Although there were no grade 4 toxicities associated with treatment, there were seven grade 3 adverse events reported for the 16 evaluable patients receiving both vorinostat and radiotherapy. Change in tumor volume was highly variable in this small study, with a mean reduction of 26% with a standard deviation of 23%. Further studies are required to effectively evaluate the efficacy and safety of long-term radiotherapy and HDAC inhibitor combined therapies. There are currently several clinical trials underway evaluating the combination of HDAC inhibitors and radiotherapy in patients with several cancers including brain, pancreatic and lung cancers.
Combining HDAC inhibitors & taxanes-Taxane-based chemotherapeutic regimens are widely prescribed for patients with breast, prostate, ovarian, head and neck and lung cancers [201] . Taxanes, which include paclitaxel and docetaxel, promote the stabilization of microtubules and interfere with the transition from metaphase to anaphase during mitosis. This can lead to cell cycle arrest and eventually cell death. Microtubules are dynamic 25-nm structures composed of α-and β-tubulin heterodimers, which are vital for cell cycle progression, motility and intracellular transport [74] . α-tubulin is deacetylated by HDAC6 [75] . Acetylation of tubulin greatly enhances microtubule stability. Since taxanes have a greater affinity for stabilized microtubules, pretreatment of cancer cells with HDAC inhibitors can increase tubulin acetylation, providing better targets for taxane therapies ( Figure 4 ) [76] .
Specifically, the hydroxamic acid-type HDAC inhibitors (e.g., TSA, vorinostat and PCI-24781) increase tubulin acetylation [60, 77, 78] . Acetylation was generally greatest, however, when HDAC inhibitors were combined with taxane treatment, compared with treatment with either agent alone. Combined treatment of various class I/II HDAC inhibitors with taxanes, in prostate, breast, ovarian and gastric cancer cell lines, resulted in an increase in growth inhibition and cell death compared with treatment with either agent alone [57, 79, 80] . The synergistic increase in growth inhibition caused by the HDAC inhibitortaxane combined treatment also occurred in some breast and gastric cancer cell lines that were resistant to taxane monotherapy [81, 82] . Similar to combined treatment with DNA damaging agents, the timing of treatment combination appears to have an impact on HDAC inhibitor-taxane efficacy [79] .
In a clinical study, combined treatment of panobinostat with docetaxel increased clinical benefit compared with panobinostat treatment alone. A small Phase I trial (n = 16) treating castration-resistant prostate cancer patients with panobinostat (n = 8) or panobinostat and docetaxel (n = 8) demonstrated a reduction of prostate-specific antigen levels in five out of eight patients treated with the combination. Furthermore, there were two out of eight PRs for patients treated with the combination, and no responses reported for patients receiving panobinostat alone [83] . The combination of vorinostat and docetaxel in patients with prostate, urothelial and non-small-cell lung cancers proved to be especially toxic, with no responses reported, and the clinical trial was halted prematurely [84] .
Combining HDAC inhibitors & multiple cytotoxic chemotherapeutic regimens -By targeting several pathways simultaneously, HDAC inhibitors have also been incorporated into several combination chemotherapy regimens in the hope of improving their clinical efficacy. Chemotherapeutic combinations incorporating DNA-damaging and microtubule-targeting agents are often used as first-and second-line treatments in patients with various cancers.
The combination of carboplatin with paclitaxel is one of the most commonly used treatment options for patients with ovarian, head and neck and lung cancers [201] . Carboplatin is a platinum-based chemotherapeutic that causes intra-and inter-DNA crosslinks. The addition of escalating doses of the HDAC inhibitor belinostat in patients receiving carboplatin and paclitaxel was well tolerated [85] . Of the 23 solid-tumor patients, in a Phase I trial, treated with increasing doses of belinostat with carboplatin and paclitaxel, nearly a quarter of the patients had either grade 3 or 4 neutropenia, but there were no associated cardiac toxicities. There were two reported PRs and one complete serological response associated with the treatment combination.
The inclusion of vorinostat into the carboplatin-paclitaxel chemotherapeutic regimen appears especially effective against non-small-cell lung cancers. Of 19 non-small-cell lung cancer patients treated with the vorinostat-carboplatin-paclitaxel regimen, ten achieved PRs and four experienced stable disease (53% response rate) [86] . This led to a larger placebocontrolled Phase II clinical trial of 94 patients with non-small-cell lung cancer. Patients were randomly assigned to receive either vorinostat-carboplatin-paclitaxel (n = 62) or placebocarboplatin-paclitaxel (n = 32) [87] . The response rate of the patient group treated with the vorinostat-based combination was 34% compared with 12.5% for patients treated with the placebo-containing combination. The median progression-free survival and overall survival were greater in the population receiving vorinostat-carboplatin-paclitaxel compared with those receiving placebo-carboplatin-paclicaxel. The 1-year survival rates were 51% for patients treated with the combination containing vorinostat and 33% for those treated with the placebo combination. The treatment-related toxicities were significantly more pronounced in the group treated with vorinostat compared with those treated with chemotherapy alone. A subsequent randomized Phase III trial evaluating this combination was stopped for not reaching the prespecified end points [202] ; this is surprising given that there are promising Phase I and II data. These findings underscore the need for further mechanistic understanding and biomarkers for better patient selection. Several studies involving this combination are currently being pursued in breast and ovarian cancer [202] .
Finally, a case study involving a patient with anaplastic thyroid cancer demonstrated significant clinical benefit using a HDAC inhibitor combined with various treatment therapies [88] . Anaplastic thyroid tumors are especially aggressive, with limited treatment options. The patient was treated with valproic acid-cisplatin-doxorubicin in addition to radiotherapy [88] . This combinational treatment did not result in an increase in expected toxicities, but did cause a 50.7% decrease in tumor volume and at least 2 years of diseasefree survival [88] .
Overall, the inclusion of HDAC inhibitors into established cytotoxic chemotherapeutic regimens is well tolerated. However, clinical evaluation has thus far been limited to earlyphase trials, making it difficult to draw conclusions regarding any added clinical benefit with the addition of a HDAC inhibitor. In order to do so, blinded placebo-controlled analysis is required. Furthermore, emphasis should be placed on optimizing patient selection, developing biomarkers and determining the ideal dosing and scheduling of drug administration.
Combining DNA methyltransferase & HDAC inhibitors
Aberrant epigenetic regulation is a key component of tumorigenesis, compromising chromatin structure and gene expression. This is illustrated by gene silencing of tumor suppressors in many malignancies, such as p16, BRCA1 and DAP kinase [89] [90] [91] . Two post-translational modifications instrumental in gene silencing are methylation of DNA cytosine nucleotides and acetylation of nucleosome histone tail lysine residues (Figure 2 ). DNA methylation is catalyzed by DNA methyltransferases (DNMTs), which recognize CpG dinucleotides. These dinucleotides are often found in clusters or 'islands' within gene promoters and noncoding regions of the genome, such as centromeric DNA [92] . Methylation of CpG islands is associated with transcriptional silencing. HDACs are recruited to DNA, either through methyl-binding proteins or directly by DNMTs. Deacetylation further promotes gene silencing by re-establishing the ionic attraction between positively charged histones and the negatively charged DNA backbone, leading to a compact chromatin conformation. Thus, DNMTs and HDACs work in concert to silence gene expression and represent rational therapeutic targets for the re-expression of silenced tumor suppressors in various malignancies. Hence, the combination of both strategies may improve the limited anticancer efficacy observed with either therapeutic class alone.
DNA methyltransferase inhibitors & myeloproliferative disorders-The cytidine analog 5-azacytidine was first used at high doses as a cytotoxic chemotherapeutic for the treatment of acute myelogenous leukemia [93] . Later, 5-azacytine was found to exhibit DNMT-inhibitory activity at lower doses [94, 95] . Once incorporated in the genome, 5-azacytidine forms irreversible adducts with DNMTs during replication, thus depleting DNMTs from the cell and reducing DNA methylation during subsequent rounds of cell division [96] . Currently, two DNMT inhibitors are in use for the treatment of myeloproliferative disorders, 5-azacytidine (Vidaza®, Pharmion Corp.; CO, USA) and 5-aza-2′-deoxycytidine (Decitabine®, Dacogen, MGI Pharma; MN, USA). In Phase III randomized trials, both have been shown to increase overall survival, hematopoietic response and time of progression to AML in patients with low-and high-risk MDS [97] [98] [99] [100] [101] . Thus, both are recommended for the treatment of low-risk MDS. For high-risk MDS patients not eligible for intensive therapy (e.g., hematopoietic stem cell transplantation or chemo therapy), 5-azacytidine is the preferred treatment option [203] , as increased survival compared with 5-aza-2′-deoxycytidine was observed.
Clinical evaluation of HDAC inhibitors in combination with DNA methyltransferase inhibitors
Myeloproliferative disorders: As single agents, HDAC inhibitors have shown limited benefit in early-phase clinical trials for the treatment of myeloproliferative disorders (e.g., MDS and AML) compared with DNMT inhibitors [102] . However, when administered subsequent to DNMT inhibition in various cancer cell lines, HDAC inhibition synergistically increases expression of silenced tumor suppressors and promotes cell death and differentiation [103] , which has led to their clinical evaluation as combined therapy.
A number of early-phase clinical trials evaluating combined DNMT and HDAC inhibition for the treatment of myeloproliferative disorders have been completed, several of which have sought to provide insight into the underlying mechanism of this combination in patients. In many trials, treatment of patients with a HDAC and DNMT inhibitor decreased global DNA methylation and reversed aberrant hyper methylation of specific tumorsuppressor promoters [104] [105] [106] [107] [108] . However, few have found a correlation between global or target gene demethylation and clinical response to treatment [105, 106] . An emerging hypothesis suggests that DNMT and HDAC inhibition may also act by inducing the expression of antigens suppressed by methylation, whose expression elicits an immune response. In support of this hypothesis, a subset of patients treated in a recent Phase II study (15 out of 66) were evaluated for cytotoxic T-lymphocyte response to the melanomaassociated antigens in patients with AML or high-risk MDS before and after treatment with 5-azacytidine and valproic acid [109] . Of these 15 patients, melanoma-associated antigenspecific cytotoxic T-lymphocytes were detected in 11, with one patient prior to and ten following treatment. Furthermore, eight of the 66 patients achieved a clinical response (four CRs) and 27 patients had a minor response or a clinical benefit.
Although most trials evaluating this combination demonstrate significant clinical responses in patients with myeloproliferative disorders [106] [107] [108] 110, 111] , only one has compared the combination with treatment using DNMT inhibition alone. In a Phase I trial, 25 patients with AML were treated with valproic acid and Decitabine or Decitabine alone [105] . For this two-arm trial, the optimal biological dose was first determined for Decitabine based on increased mRNA expression of silenced estrogen receptor and/or p15. In the second arm, patients received the established optimal biological dose of Decitabine and valproic acid. Groups were then dose-escalated to determine the maximum tolerated doses for both drugs in combination in this setting. Patients received decitabine for 10 days. For those receiving the combination, valproic acid was administered on days 5 through to 21 in 28-day cycles.
Of 21 evaluable patients, 11 exhibited a clinical response. However, a significant difference between arms was not observed. Thus, to establish the true benefit, beyond treatment with a DNMT inhibitor alone, larger randomized trials will be required. Although no Phase III trials examining DNMT and HDAC inhibition are currently registered with the online database Clinicaltrials.gov [202] , a large Phase II study (target enrollment of 196 patients) is underway to compare 5-azacyitidine with and without the benzamide-type HDAC inhibitor entinostat for the treatment of patients with MDS, AML or CML (NCT00313586).
A number of ongoing studies continue to explore the efficacy of combining DNMT and HDAC inhibition for the treatment of myeloproliferative disorders [202] . Many of these explore the effect of various treatment schedules and employ new and more potent HDAC inhibitors, including belinostat, panobinostat, entinostat and vorinostat. With further optimization of this combined regimen, an increase in clinical benefit may be achieved.
Solid tumors:
In addition to myeloproliferative preclinical models, HDAC inhibition has been shown to synergize with DNMT inhibition in various solid tumor models. This has led to their evaluation for the treatment of advanced solid tumors in several early-phase clinical trials. In two Phase I trials with 5-azacytidine and HDAC inhibitors, clinical benefit was modest [112, 113] . In one study, valproic acid was given continuously to maintain plasma levels between 75 and 100 μg/ml and 5-azacytidine was dose-escalated to determine the maximum tolerated dose for this regimen, administered for the first 10 days of each 28-day cycle [112] . Of the 55 patients with various solid tumor malignancies, 12 experienced disease stabilization. Although global DNA demethylation was observed, these effects did not correlate with clinical response. By contrast, increased histone acetylation measured in surrogate peripheral blood mononuclear cells (PBMCs) did correlate with response. In a trial with phenylbutyrate, a number of intermittent and sequential schedules were evaluated, with varying doses of both 5-azacytidine and phenylbutyrate. Of the 27 patients, one patient exhibited stable disease. Correlative studies in this trial were inconclusive [113] .
Promising clinical results have been obtained with valproic acid and hydralazine, an antihypertensive drug recently found to inhibit DNMT activity. Unlike 5-azacytidine and Decitabine, hydralazine exhibits inhibitory activity by directly interacting with the active sites of DNMTs [114] . In a proof-of-principle neoadjuvant study for patients with locally advanced breast cancer, hydralazine and valproic acid were added to doxorubicin and cyclophosphamide chemotherapy 7 days prior to surgery [115] . Of the 16 patients, all exhibited clinical benefit (five CRs, eight PRs and three SDs). In the five patients evaluated, both increased acetylation and decreased global DNA methylation were observed. This combination was further evaluated in a Phase II trial for the ability to overcome chemotherapy resistance in solid tumors [116] . Hydralazine and valproic acid were added 7 days prior to their new line of chemotherapy. All patients had progressed on at least one regimen of chemotherapy. A total of 15 patients were evaluated for response, of which 12 patients exhibited clinical benefit (four PRs and eight SDs). Of note, seven out of seven patients with ovarian cancer showed clinical benefit (three PRs).
Several ongoing early-phase trials have targeted specific solid tumor malignancies, notably non-small-cell lung cancer (NCT00387465 and NCT00084981), for which DNMT levels have been shown to be elevated in clinical tumor samples [117] . Promising early-phase trials with hydralazine and valproic acid have led to two Phase III trials for the treatment of ovarian cancer (NCT00533299) and cervical cancer (NCT00532818).
Combining HDAC inhibitors with hormonal therapy
Nuclear hormone signaling plays an essential role in the development and function of many organ systems, regulating cell division, differentiation and homeostasis. In a number of cancers, dysregulation of hormone signaling is a key component of carcinogenesis, including breast and prostate cancer, which account for the greatest incidence of invasive cancer in women and men, respectively [118] . For decades, therapies designed to inhibit estrogen signaling in breast cancer and androgen signaling in prostate cancer have been clinically successful. With increasing understanding of estrogen and androgen signaling, the significance of acetylation in these pathways is becoming clearer ( Figure 5 ). This insight has led to the evaluation of HDAC inhibition in conjunction with hormone therapy for the treatment of breast and prostate cancer in both preclinical and clinical settings.
Hormonal therapy modulation of breast & prostate cancer-In classic liganddependent signaling, estrogen-and androgen-mediated activity occurs through estrogen receptors (ERs) and androgen receptors (ARs), respectively. Once bound to the ligand, receptors dimerize and are recruited to promoters where, together with transcription factors and coregulatory complexes, they function to either promote or inhibit gene transcription [119, 120] . In breast and prostate cancers expressing ERs or ARs, respectively, hormone signaling drives tumorigenesis in part by promoting oncogene re-expression and inhibiting tumor suppressor gene expression [121] [122] [123] [124] . Thus, therapies that impair signaling have been developed, which function by either inhibiting the production of hormones or competing with hormones for binding to target receptors, of which several are currently components of standard-of-care treatment.
The selective ER modulator tamoxifen has been used successfully to treat patients with ERpositive breast cancer since the 1970s, and remains the only approved hormonal therapy for premenopausal patients. Tamoxifen competes with estrogen for ER binding, and thus perturbs ER signaling and resultant gene expression. Following postmenopausal cessation of production by the ovaries, estrogens continue to be produced by aromatase-mediated metabolism of androgens, which promote tumorigenesis. In postmenopausal women, three approved aromatase inhibitors (letrozole, anastrozole and exemestane) have been shown to be superior to tamoxifen, demonstrating a reduced risk of recurrence, albeit with no survival benefit, and have become the preferred hormonal treatment options [125] [126] [127] [128] [129] .
As with breast cancer, therapies either aimed at reducing hormones or inhibiting hormonereceptor interaction have been developed and implemented in the clinic for prostate cancer treatment. The primary form of hormonal therapy involves measures to deplete androgens (androgen deprivation therapy), either by chemical or surgical castration. To achieve chemical castration, luteinizing hormone-releasing hormone (LHRH) agonists (e.g., leuprolide, goserelin and triporelin) are administered to reduce production of testosterone by the testes [130] . Androgen deprivation therapy is recommended for high-risk localized and locally advanced disease, typically in combination with radiation therapy, as well as for metastatic disease [131] [132] [133] . Antiandrogens, such as bicalutamide, which compete for binding to ARs, are administered prior to or in conjunction with LHRH agonists to ameliorate the effects associated with 'flare', the initial elevated release of luteinizing hormone associated with agonistreceptor binding [130] . Recently, a large, controlled study evaluated the combination of bicalutamide with primary therapy in localized and locally advanced disease. Although no benefit was found for those with localized disease, patients with advanced prostate cancer appeared to have increased progression-free survival with the addition of bicalutamide [134] .
Role of HDACs in estrogen & androgen signaling-In both breast and prostate cancer, aberrant acetylation and HDAC expression have been found in cell lines and patient tumors [135] [136] [137] [138] . This is significant as acetylation regulates ER and AR signaling at multiple levels. HDAC activity plays a role in mediating the transcription of ERs and ARs. Treatment of receptor-positive breast and prostate cancer cells with HDAC inhibitors downregulates ER and AR mRNA, resulting in subsequent depletion of their protein products [139] [140] [141] . In contrast to ER-positive breast cancer cells, when HDAC inhibitors are combined with DNMT inhibitors in ER-negative cells, silenced ERs can be re-expressed and exhibit sensitivity to the antiestrogen tamoxifen [142] [143] [144] . As with other nuclear hormone receptors, the HSP90 chaperone complex maintains ERs and ARs in their ligandbinding conformation. This function depends on HDAC6 activity, which, when inhibited, results in HSP90 dissociation and ubiquitin-mediated proteasome degradation of the unbound hormone receptor [145] . ERs and ARs themselves are targets of acetylation, known to be mediated in part by the coactivator p300. Acetylation of ARs is associated with enhanced transcriptional activity [146] . Furthermore, when target lysine residues are mutated, prostate cancer cells exhibit resistance to antiandrogens and increased tumor growth in vivo [147] . In patient tumors, the ER has been shown to be acetylated [148] . Target lysine residues of the ERs identified in vitro are frequently mutated in patient tumors, which, when evaluated in vitro, exhibit hypersensitivity to estrogen [149] . Coregulatory complexes are integral components of ER and progesterone receptor target gene transactivation, whose component members include HATs and HDACs. Treatment of prostate cancer cells with HDAC inhibitors disturbs assembly of coactivator complexes with the ARs and sub-sequent transactivation [150] . Using a cancer microarray database and web-based data-mining platform (ONCOMINE), meta-analysis profiling of coregulatory component expression revealed that 47 and 71% in breast and prostate cancer, respectively, were abnormally up-or downregulated [151] . In prostate cancer, corepressor complexes NCoR and SMRT are frequently found to be upregulated, leading to the epigenetic silencing of tumor suppressors including GADD45α, p21 and TGFBRAP1, whose expression can be induced with HDAC inhibition [152, 153] . Androgen-independent prostate cancer cells are associated with elevated AR levels and epigenetically silenced Pur-α, which binds to the AR promoter and suppresses AR expression. Inhibiting HDAC activity in androgen-independent cells has been shown to restore Pur-α expression, resulting in downregulated ARs and resensitization to the antiandrogen bicalutamide [154] . Thus, combining HDAC inhibition with hormonal therapy is a rational approach for improving treatment of breast and prostate cancer.
Clinical evaluation of combining HDAC inhibitors with hormonal therapy
Breast cancer: As a monotherapy, the HDAC inhibitor vorinostat was evaluated in a Phase II trial for the treatment of metastatic breast cancer, but was ended early as no clinical responses were observed [155] . However, preclinical studies have demonstrated that HDAC inhibition potentiates the antitumor activity of tamoxifen in a variety of ER-positive breast cancer cell lines [140, 156] . Based on these preclinical findings, a Phase I/II trial evaluating the combination of vorinostat and tamoxifen for the treatment of ER-positive metastatic breast cancer was initiated [157] . Patients received vorinostat daily for 3 out of 4 weeks and tamoxifen continuously. In this trial, 43 patients were enrolled, all of which had progressed on prior hormonal therapy with an aromatase inhibitor. In addition, patients were allowed to receive up to three chemotherapeutic regimens. Prior tamoxifen was allowed in the adjuvant setting. Of the 43 patients evaluated, 19% exhibited clinical response (one CR and seven PRs) and 21% experienced stable disease. Of the responders, the majority progressed on two prior aromatase inhibitors and 50% had received prior tamoxifen therapy. Furthermore, almost all patients had received prior chemotherapy. Correlative studies evaluated PBMCs collected pretreatment on day 1 and again on day 8 of the first cycle. For HDAC inhibitor treatment, PBMCs have been previously shown to be reliable surrogates for molecular response (e.g., histone acetylation) in patient tumors [25, 65] . Pre-and post-treatment PBMC samples were available for 36 patients and evaluated for histone H4 acetylation and HDAC2 expression. Increased acetylation was measured in 21 patients (58%) and correlated with clinical benefit. Furthermore, higher baseline expression of HDAC2 in PBMCs was associated with increased histone H4 acetylation and in patients that exhibited a clinical benefit. The inability to induce histone hyperacetylation in 42% of the patients suggests either insufficient vorinostat plasma levels, target modulation or target expression. The toxicities observed with vorinostat in this clinical trial suggest that higher dosing of vorinostat may not be feasible. Therefore, optimizing HDAC inhibition may increase the numbers of patients experiencing clinical benefit.
Prostate cancer: As with breast cancer, clinical evaluation of HDAC inhibitors as monotherapy for prostate cancer has not been promising [83, 158, 159] . However, with the addition of an HDAC inhibitor to the antiandrogen bicalutamide, a synergistic increase in cytotoxicity has been demonstrated in a number of hormone-sensitive and -resistant preclinical models [160] [161] [162] . Two ongoing trials are evaluating the combination of HDAC inhibition and hormonal therapy for the treatment of prostate cancer. The first is a Phase I/II trial combining panobinostat with bicalutamide in patients with castration-resistant disease (NCT00878436). The second is a neoadjuvant Phase II trial combining vorinostat with bicalutamide and LHRH agonists prior to prostatectomy in patients with localized disease (NCT00589472). Patients will receive bicalutamide daily for 1 month and a LHRH agonist once per month until surgery. Daily administration of vorinostat will begin with LHRH agonist treatment. Tumor tissue will be collected prior to treatment and during surgery for correlative studies to evaluate specific pharmacodynamic markers and for microarray analysis. Blood will be analyzed for hormone and prostate-specific antigen levels.
As results from trials combining HDAC inhibitors with hormonal therapy are limited, it is difficult to draw conclusions at this time regarding the efficacy of this combination. Our work evaluating the combination of vorinostat and tamoxifen for the treatment of advanced breast cancer suggests a potential benefit, especially if increased HDAC activity can be elicited. Thus, as with the other combinations discussed, a stronger understanding of the mechanisms under lying the preclinical efficacy of these combinations will help to hone the type of HDAC inhibition required for achieving optimal clinical benefit.
Combining HDAC inhibitors with receptor tyrosine kinase pathway -targeted therapies
Receptor tyrosine kinase signaling is dysregulated in many human cancers. Two significant receptors in these pathways include the EGF receptor and growth HER2. Activation of these receptors results in the initiation of cytoplasmic signaling cascades promoting cell growth, survival and angiogenesis [163] . Specifically, activation of the receptor tyrosine kinases activates the RAS-RAF-MEK-MAPK and the PI3K-AKT pathways ( Figure 6 ) [164] . These pathways result in increased expression of c-Myc and cyclin D1, reduced activity of cell cycle checkpoint proteins p21 and p27 and subsequently promote cell cycle progression and survival. Thus, inhibition of these pathways with monoclonal antibodies or smallmolecule inhibitors has proven effective in treating neoplasms and promoting cell cycle arrest and apoptosis [164] .
Histone deacetylases are also key regulators of cell cycle progression, which, when inhibited, promote cell cycle arrest in various cancer cells. This is, in part, due to increased expression of the tumor suppressors p21 and p27. Furthermore, HDACs regulate the expression of c-Myc and cyclin D1 oncogenes. Treatment of cells with HDAC inhibitors decreases cyclin D1 transcription and increases c-Myc degradation [50, 165, 166] . Cyclin D1 also interacts directly with several class I/II HDACs [167] . Therefore, combined treatment using specific receptor tyrosine kinase-targeted therapies in conjunction with HDAC inhibitors presents a novel mechanism for suppressing tumor growth. Several tyrosine kinase pathway inhibitors have been clinically evaluated in combination with HDAC inhibitors, which are described in the following sections.
Trastuzumab-Trastuzumab is a monoclonal antibody that targets HER2 and downregulates the PI3K-AKT pathway signaling. Treatment of breast cancer cells with trastuzumab results in increased p27 expression and G1 arrest [163] . An early-phase trial evaluated the combinination of panobinostat with variable doses of trastuzumab in breast cancer patients who had progressed on prior trastuzumab therapy [168] . While the goal of the study was to determine the maximum tolerated dose, six patients experienced tumor reduction (33%). A follow-up Phase II trial is currently underway [202] .
Erlotinib & gefitinib-Erlotinib and gefitinib are small-molecule inhibitors that target EGF receptor signaling, and have been approved for the treatment of lung/pancreatic and lung cancers, respectively [201] . Pretreatment of gefitinib-resistant non-small-lung cancer cells with the HDAC inhibitors vorinostat or entinostat induced the expression of E-cadherin and ERB-3, which are associated with gefitinib sensitivity [169] . When combined with gefitinib, HDAC inhibitors elicited a synergistic induction of growth inhibition and apoptosis in gefitinib-resistant cancer cell lines [169, 170] . At present, Phase I/II trials combining HDAC inhibitors with erlotinib or gefitinib are underway in patients with head and neck, and/or lung cancer.
Sorafenib-Sorafenib is a multikinase inhibitor that blocks the RAS-RAF-MEK-MAPK pathway by targeting RAF and receptor tyrosine kinases. Preclinical cancer models have demonstrated a strong antiproliferative, antiangiogenic and proapoptotic effect when HDAC inhibitors are combined with sorafenib [171, 172] . A Phase I trial combining panobinostat and sorafenib is currently enrolling patients. A Phase I dose-expansion study is being performed in renal cell and non-small-cell lung cancer. Other Phase I studies are investigating sorafenib in various combinations with entinostat for advanced/metastatic solid malignancies and refractory/relapsed AML, and with panobinostat for advanced lung and renal cell cancer [202] .
Everolimus-mTOR is a serine/threonine protein kinase that regulates cell growth, cell proliferation, cell motility, cell survival and protein synthesis and transcription. The mTOR pathway is dysregulated in many cancers. Panobinostat in combination with everolimus (an mTOR inhibitor) is being looked at in patients with recurrent multiple myeloma, nonHodgkin and Hodgkin lymphoma and renal cell cancer [202] .
The clinical evaluation of this combination is in the early stages, with few completed and several ongoing early-phase clinical trials evaluating the feasibility of combining HDAC inhibitors and receptor tyrosine kinase pathway inhibitors. Therefore, although preclinical studies demonstrated a benefit, it is too early to know whether this combination will prove more beneficial than treatment with receptor tyrosine kinase pathway inhibitors alone.
Conclusion & future perspective
Histone deacetylase inhibitors garnered much excitement when they were first demonstrated antineoplastic activity in preclinical models. This excitement was further fostered as the understanding of the significance of acetylation as an important means of post-translational regulation began to emerge. Some of this potential has been realized, with two HDAC inhibitors approved for the treatment of CTCL. However, little evidence supports their clinical use as single agents against solid tumors. As acetylation is key to the epigenetic regulation of gene expression and major forms of post-translational regulation, extensive preclinical work has been carried out to determine the benefit of adding HDAC inhibitors to existing neoplastic interventions, such as cytotoxic chemotherapeutics, hormonal therapy, DNMT inhibitors and receptor tyrosine kinase pathway inhibitors. Preclinical studies indicated that these combinations might prove more effective than the current therapy alone.
Although this initial optimism has not been completely translated into clinical success, some combinations remain promising and continue to be pursued, such as the combination of hydrazine and valproate for the treatment of ovarian and cervical cancers. One possible reason for the limited clinical success thus far is the lack of pharmacodynamic markers, without which it is difficult to determine which patients are most likely to benefit, and whether relevant and sufficient HDAC inhibition is being achieved. This is illustrated in our clinical evaluation of vorinostat and tamoxifen for the treatment of advanced breast cancer, where nonresponding patients did exhibit the degree of HDAC inhibition achieved by responders [157] . By enabling understanding of the underlying mechanism of this combination, pharmacodynamic markers may allow for the enrichment of patients who are more likely to respond.
Preclinical and clinical studies have largely been conducted with HDAC inhibitors that target several class I and II HDACs. Limited work has been carried out to determine the importance of individual HDAC inhibition for the observed antitumor activity elicited with these inhibitors. Selective HDAC inhibition may provide greater efficacy and a wider therapeutic window by reducing the adverse effects associated with inhibition of HDACs not relevant to the molecular pathway of interest. Indeed, the importance of select HDACs for the pathogenesis of different malignancies is emerging. Haberland and colleagues demonstrated that immortalized primary cells required HDAC1 and 2 for tumor growth in vivo [173] . In patients with neuroblastoma, HDAC8 expression was found to correlate with advanced disease and poor clinical outcome. In vitro, depletion of HDAC8 was shown to be sufficient to impair growth and promote differentiation of neuroblastoma cells [174] . In breast cancer, we have shown that baseline HDAC2 expression in patient tumors correlates with molecular responses to HDAC inhibition, and in vitro, its depletion is sufficient for potentiating the antitumor activity of tamoxifen [140, 157] . However, the ability to target individual HDACs in patients remains challenging. The active site of class I and II HDACs is highly conserved, and thus difficult to selectively inhibit with small molecules. Alternative methods for selective inhibition, such as interfering RNAs, are promising and their development is currently underway.
Defining the role of specific HDAC proteins will also aid in the design of rational treatment combinations. By defining the role of individual HDACs in oncogenic pathways, it will be possible to administer appropriate therapeutic combinations targeting those pathways. For example, with the implication of specific HDACs in hormone regulation, improved efficacy may be achieved by combining inhibitors with greater potency against these HDACs when used in conjunction with tamoxifen.
Much has to be established in selecting the optimal drug and choosing the right dose and schedule. Similarly, while there is a substantial body of literature describing preclinical optimal combinations, their integration into the optimal clinical setting is only just now emerging. Furthermore, a better understanding of the mechanism of action in general, and in particular for each specific setting will allow for the definition of biomarkers to assess target modulation, and with this, foster the development of more selective HDAC inhibitors.
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Papers of special note have been highlighted as: Microtubule dynamicity is, in part, regulated by tubulin acetylation, which promotes stabilization. HDAC6 deacetylates microtubules and promotes their depolymerization. Chemotherapeutic taxanes bind to tubulin and inhibit depolymerization and thus microtubule dynamicity, which is essential for chromosome capture and mitosis. Therefore, combined taxanes (dark-colored balls) and HDAC inhibitors would lead to greater disruption of microtubule function and more cell death as a result. Ac: Acetylation; HAT: Histone acetyltransferase; HDAC: Histone deacetylase Hormones (e.g., estrogen and androgen) mediate activity through HRs, which regulate the transactivation of various target genes. HRs are maintained in a ligand-binding conformation by the HSP90 chaperone complex. This function is regulated by Ac and HDAC6. Acetylation of HSP90 promotes dissociation with HRs and their subsequent degradation via the proteasome. HRs are further regulated by direct acetylation, in part by the histone acetylase p300. Two types of hormone therapy have been developed to disrupt hormonemediated signaling. Aromatase inhibitors and ADT inhibit the production of estrogen and androgen, respectively. Tamoxifen and bicalutamide compete with hormones for binding to the estrogen and androgen receptors, respectively. Therefore, combining hormone therapy with a HDAC inhibitor would lead to further perturbation of tumorigenic signaling. Ac: Acetylation; ADT: Androgen deprivation therapy; HDAC: Histone deacetylase; HR: Hormone receptor. Mitogenic signaling involves ligand-induced dimerization and autophosphorylation of receptor tyrosine kinases (e.g., HER2/3 and EGF receptor), kinase signal transduction and target gene transcription, such as upregulation of c-Myc and cyclin D1, and downregulation of p21. Several therapies target these pathways, including trastuzumab, which inhibits HER2-ligand binding, erlotinib and gefitinib, which inhibit receptor tyrosine kinase autophosphorylation, and sorafenib and everolimus, which inhibit RAF and mTOR, respectively. HDACs also have been shown to mediate transcription of these cell cycle regulators. Therefore, combining HDAC inhibitors with receptor tyrosine kinase signaling inhibitors might further reduce tumor growth. HDAC: Histone deacetylase. Table 1 Rational combinations with histone deacetylase inhibitors: current Phase II/III clinical trials. 
